The nucleotide excision repair (NER) system consists of two subpathways, global genome repair (GGR) and transcription-coupled repair (TCR), which exhibit distinct functions in the cellular response to genotoxic stress. Defects in TCR result in prolonged UV light-induced stalling of RNA polymerase II and hypersensitivity to apoptosis induced by UV and certain chemotherapeutic drugs. Here, we show that low doses of UV trigger delayed activation of the stress-induced MAPkinase JNK and its proapoptotic targets c-Jun and ATF-3 in TCRdeficient primary human fibroblasts from Xeroderma Pigmentosum (XP) and Cockayne syndrome (CS) patients. This delayed activation of the JNK pathway is not observed in GGR-deficient TCR-proficient XP cells, is independent of functional p53, and is established through repression of the JNK-phosphatase MKP-1 rather than by activation of the JNK kinases MKK4 and 7. Enzymatic reversal of UV-induced cyclobutane pyrimidine dimers (CPDs) by CPD photolyase abrogated JNK activation, MKP-1 repression, and apoptosis in TCR-deficient XPA cells. Ectopic expression of MKP-1 inhibited DNAdamage-induced JNK activity and apoptosis. These results identify both MKP-1 and JNK as sensors and downstream effectors of persistent DNA damage in transcribed genes and suggest a link between the JNK pathway and UV-induced stalling of RNApol II. Oncogene (2005) 24, 7135-7144.
Introduction
Mammalian cells exhibit multiple biological responses to genotoxic stress, including cell cycle checkpoints, DNA repair, and apoptosis. Inactivation of these responses may result in genomic instability and cell transformation, as well as modifications of therapeutic sensitivity. Bulky DNA-helix distorting lesions such as UV-induced photolesions and cisplatin-induced DNA adducts can be removed by the nucleotide excision repair (NER) system. Deficiencies in NER lead to enhancement of DNA-damage-induced cell killing and mutagenesis. Two distinct NER subpathways can be distinguished: global genome repair (GGR), which repairs DNA damage throughout the genome, and transcription-coupled repair (TCR), which repairs DNA lesions in the transcribed strand of active genes. The DNA repair factors XPC and XPE are exclusively involved in GGR, whereas the CSA and CSB proteins only play a role in TCR. Other NER proteins, such as XPA, XPB, and XPD, function in both TCR and GGR (reviewed by Berneburg and Lehmann, 2001; Mitchell et al., 2003) . Genetic defects in these NER genes can cause the human diseases Xeroderma pigmentosum (XP) and Cockayne Syndrome (CS). XP patients are very sensitive to UV light, undergo progressive degeneration of the skin, and show a 1000-fold increased risk for skin cancer, mainly on sun-exposed parts of the body. CS patients, who die at young age, show more pleiotropic features, including neurological degradation, but not increased skin cancer (reviewed by van Steeg and Kraemer, 1999; de Boer and Hoeijmakers, 2000) . Importantly, in contrast to TCR-proficient cells, TCRdeficient cells already undergo apoptosis at very low doses of UV light, and, in addition, are sensitive to the chemotherapeutic drugs cisplatin and illudin/Irofulven (McKay et al., 1998 (McKay et al., , 2001 van Oosten et al., 2000; Jaspers et al., 2002; Spivak et al., 2002) . This sensitivity of TCR-deficient cells is associated with prolonged UVinduced inhibition of transcription due to prolonged stalling of RNA polymerase II (RNApol II) (Rockx et al., 2000; Berneburg and Lehmann, 2001; Svejstrup, 2002) .
In addition to DNA lesions, UV light and other genotoxic agents can generate reactive oxygen species (ROS), which result in lipid peroxidation, protein oxidation, and glutathione depletion (Mercurio and Manning, 1999) . The cell can respond to these types of stress by activating various signaling cascades, including the p53, NF-kB, ATR, and MAPkinase (MAPK) pathways. Depending on the cell type and the genotoxic stress, the combined action of these signaling pathways can trigger transient or prolonged cell cycle arrest or apoptosis (Martindale and Holbrook, 2002; Shaulian and Karin, 2002; Brancho et al., 2003; Todd et al., 2004) . The MAPK family member JNK/SAPK is able to control apoptosis both positively and negatively, depending on the cell type, cellular context, and the stress signal. Proapoptotic substrates of JNK comprise both transcription factors, like the transcription factor AP-1 component c-Jun, and components of the apoptosisexecuting machinery, like the proapoptotic Bcl-2-related proteins (Lei et al., 2002; Shaulian and Karin, 2002; Weston and Davis, 2002; Lei and Davis, 2003) . Antiapoptotic JNK targets include JunD and the survival gene cIAP-2 (Lamb et al., 2003) . In addition to c-Jun and JunD, JNK can activate and/or induce the expression of various other AP-1 components involved in cell proliferation and survival, like ATF-2, ATF-3, and c-Fos (Hai et al., 1999; Shaulian and Karin, 2001; van Dam and Castellazzi, 2001) . Interestingly, recent studies indicate that c-Jun and ATF-2 can control the cellular response to DNA damage by regulating the expression of various DNA repair genes, including ERCC3, XPA, RAD23B, and MSH2 (Hayakawa et al., 2003 (Hayakawa et al., , 2004 MacLaren et al., 2004) .
JNK activity in the cell is tightly controlled by both protein kinases and protein phosphatases. Various types of stimuli activate JNK through phosphorylation by the dual specificity kinases MKK4 or MKK7 (Morrison and Wada et al., 2004) . In contrast, mitogens and stress stimuli can inactivate JNK through induction of the expression of JNK phosphatases, which include serine/threonine phosphatases, tyrosine phosphatases, and dual specificity (threonine/tyrosine) phosphatases (Camps et al., 2000; Keyse, 2000; Farooq and Zhou, 2004) . Activation of the dual specificity JNKphosphatase MKP-1 seems to be involved in the cellular defense against H 2 O 2 -and UV-induced apoptosis (Franklin et al., 1998; Xu et al., 2004) , whereas inhibition of MKP-1 can potentiate JNK-related apoptosis (Guo et al., 1998; Desbois-Mouthon et al., 2000; Sanchez-Perez et al., 2000; Mizuno et al., 2004) .
In this study, we investigated the signaling route by which UV-induced DNA damage induces apoptosis in TCR-deficient human fibroblasts. We identified ATF-3, c-Jun, and JNK as important sensors of DNA damage in the transcribed strand of active genes, at UV doses that are cytotoxic for TCR-deficient fibroblasts, but not for TCR-proficient fibroblasts. Activation of ATF-3, cJun, and JNK at these UV doses occurs with delayed kinetics and is mediated by inhibition of MKP-1 expression rather than by activation of the JNK kinases MKK4 and 7. Importantly, removal of UV-induced cyclobutane dimers (CPDs) by CPD photolyase abrogated both the inhibition of MKP-1 and the activation of JNK, c-Jun, and ATF-3, while inhibition of JNK activation by ectopic expression of MKP-1 strongly suppressed DNA-damage-induced apoptosis. These results reveal a new functional link between the MKP-1-JNK pathway and persistent DNA damage in transcribed genes.
Results
Low doses of UV induce ATF-3, c-Jun, and JNK activity in TCR-deficient primary human fibroblasts TCR-deficient human fibroblasts including XPA, XPD, and CSB cells show high levels of apoptosis after irradiation with 5-20 J/m 2 UV-C, whereas TCR-proficient fibroblasts mostly survive at these UV doses (Queille et al., 2001) . In addition, TCR-deficient cells show delayed transcriptional activation of the AP-1 target genes collagenase 1 and metallothionein IIA under these conditions (Blattner et al., 1998) . Since both AP-1 transcription factors and their upstream activators, the MAPKs, can regulate programmed cell death, we examined the role of these UV-inducible factors in the apoptotic response of TCR-deficient primary human fibroblasts. As shown for serum-starved cells in Figure 1 , we found ATF-3, c-Jun, JNK, and p38 to be selectively activated in TCR-deficient cells after low doses of UV: 16 h after irradiation with 3 or 5 J/m 2 UV-C, the levels of ATF-3 were enhanced in XP cells that are both TCR and GGR deficient (XPA and XPD), whereas ATF-3 induction was only observed with 20 J/m 2 in wild-type cells or GGR-deficient XP cells (XPC and XPE) ( Figure 1a) . Moreover, XPA and XPD fibroblasts showed enhanced levels of the phosphorylated, active forms of c-Jun, JNK, and p38 after irradiation with 5 and/or 20 J/m 2 UV-C, while none or much less activation of phospho-c-Jun (Thr91), phospho-JNK, and phospho-p38 was detected in the XPC, XPE, or normal fibroblasts (Figure 1a ). No clear difference was seen in the activation of ERK between TCR-deficient and -proficient primary human fibroblasts.
We also tested activation of the stress-induced MAPK pathways in primary fibroblasts from CS patients. These cells are only TCR deficient and somewhat less sensitive for UV than TCR þ GGR-deficient cells because the relative slow GGR machinery can partially repair UVinduced lesions in transcribed genes (de Boer and Hoeijmakers, 2000; Queille et al., 2001) . As shown in Figure 1b , ATF3, c-Jun, JNK, and p38 activation became detectable between 5 and 10 J/m 2 UV in CSA and CSB cells, but not in GGR-deficient XPC cells. These results thus indicate that persistent DNA damage in transcribed genes results in activation of the JNK pathway.
The observed activation of ATF-3, c-Jun, and JNK in TCR-deficient cells was unlikely to be merely a late, secondary effect of cell death, as in XPA fibroblasts the levels of apoptosis were higher at 5 J/m 2 UV than at 20 J/m 2 whereas the levels of phospho-JNK and phospho-c-Jun were higher at 20 J/m 2 ( Figure 2 ). Moreover, JNK pathway activation by low dose UV could already be detected between 8 and 24 h after treatment, whereas significant increases in the levels of apoptotic cells could only be detected after 48 h (Figures 2 and 5a; data not shown). The relatively low levels of apoptosis in XPA cells after 20 J/m 2 UV are presumably due to strong inhibition of transcription at this UV dose (Queille et al., 2001) , preventing the expression of proapoptotic genes. In line with this, XPA cells contain relatively low amounts of ATF-3 and c-Jun protein and mRNA after high doses of UV (Figures 2 and 3) .
In summary, these results suggest that the JNK pathway is involved in the apoptotic response of TCRdeficient cells.
Low doses of UV light induce apoptosis and JNK pathway activation in XPA cells independently of functional p53 DNA damage in transcribed genes can result in activation of p53 (Blattner et al., 1998) , a transcription factor that can regulate DNA repair and induce apoptosis (Ford and Hanawalt, 1995; Smith et al., 2000) . p53 can participate in a stress-inducible regulatory network that also includes JNK, c-Jun, and ATF-3 (Kannan et al., 2001; Shaulian and Karin, 2002; Yan et al., 2002) . We therefore examined whether low doses of UV induce cell death and/or JNK pathway activation in TCR-deficient human fibroblasts via p53. For this purpose, we compared SV40-immortalized XPA and normal human fibroblasts in which p53 is nonfunctional due to its association with SV40T antigen. As shown in Figure 3a , SV40T-expressing XPA fibroblasts (XPA/ SV) show high levels of apoptosis after irradiation with 1-5 J/m 2 UV-C, indicating that low dose UV-induced apoptosis in these TCR-deficient human fibroblasts does not require functional p53, in line with the previous studies (McKay et al., 2001) . Moreover, after irradiation with 1 and 5 J/m 2 UV-C, high levels of phosphorylated active JNK, c-Jun, and, to a lesser extent, p38 were detected in the XPA/SV cells but not in wild-type cells (WT/SV; Figure 3b ). Likewise, at 1 J/m 2 the amounts of ATF-3 protein and mRNA were only induced in the XPA/SV cells (Figure 3b and c). These data show that in XPA cells both the apoptotic response and activation of the JNK pathway by low dose UV do not require functional p53.
Apoptosis and JNK pathway activation via accumulation of UV-induced cyclobutane pyrimidine dimers
About 75% of the total amount of UV-induced DNA damage comprises CPDs (de Boer and Hoeijmakers, 2000) . To verify that UV-induced DNA damage rather than effects on other cellular targets like cell membrane receptors triggers the apoptosis-associated JNK pathway activation in UV-irradiated XPA cells, we examined immortalized human XPA cells ectopically expressing CPD photolyase (Nakajima et al., 2004) . This enzyme can revert CPDs upon illumination with visible light (photoreactivation (PR)). As depicted in Figure 4a . After 24 h, protein extracts and mRNA were prepared for immunoblot (b) and Northern blot (c) analysis. hef-1 mRNA expression was determined to verify equal loading (c) apoptosis after photoreactivation is most likely due to UV-induced 6-4-photoproducts, which are not converted by CPD photolyase.) Importantly, CPD removal almost completely abrogated the activation of ATF-3, JNK, and p38 ( Figure 4b , right panel).
These results thus indicate that both apoptosis and JNK pathway activation can be triggered by prolonged presence of CPDs on transcribed genes and subsequent stalling of RNA pol II.
DNA-damage-induced JNK activation through a CPD-mediated decrease of MAPK phosphatase-1
We next examined the mechanism by which DNA damage induces JNK activation in XPA cells. A multitude of stimuli including osmotic stress activate JNK through phosphorylation and activation of the JNK kinases MKK4 (SEK) and MKK7 (Morrison and Wada et al., 2004) . However, we did not observe MKK4 or MKK7 activation by low doses of UV, neither in primary nor in SV40T-immortalized cells (Figures 2 and 5a , data not shown), although activation of MKK4 and 7 activity by osmotic stress could be detected (Figure 2, data not shown) . In contrast, as depicted in Figure 5a , we observed a significant decrease in the expression of MKP-1, a dual-specificity MAPK phosphatase that preferably dephosphorylates p38 and JNK (Franklin and Kraft, 1997; Li et al., 2001) . Importantly, reduction in the protein levels of MKP-1 in SV40-immortalized XPA cells could already be observed 8 h after 1 J/m 2 UV, a time point at which JNK phosphorylation was only starting to increase. We next examined whether inactivation of MKP-1 activity in XP-A cells can cause JNK activation in the absence of UV-induced DNA damage. For this purpose, we inhibited the function of the endogenous MKP-1 protein via ectopic expression of the catalytically inactive dominant-negative MKP-1 mutant C/SmMKP1, introduced by a lentiviral vector Slack et al., 2001) . As depicted in Figure 5b , expression of the dominant-negative MKP-1 mutant resulted in increased levels of active phospho-JNK, but did not interfere with the activation of JNK by low dose UV. In contrast, overexpression of wild-type MKP-1 did not increase the basal activity of JNK and strongly inhibited JNK activation by UV. From these results we conclude that inhibition of JNK-phosphatase activity can cause JNK activation in the XPA cells. Subsequent studies showed that irradiation with low doses of UV results in a decrease in the levels of mkp-1 mRNA ( Figure 5c ) and that enzymatic removal of CPDs by CPD photolyase abrogates the UV-induced decrease in MKP-1 expression (Figure 5d ).
In summary, accumulation of UV-induced cyclobutane dimers causes a decrease in the expression of the JNK-phosphatase MKP-1 in XPA cells, which subsequently results in enhancement of JNK activity.
Ectopic expression of MAPK phosphatase-1 inhibits both DNA-damage-induced JNK activity and DNA-damageinduced apoptosis in XPA cells
The JNK pathway can trigger and/or enhance programmed cell death in various cell types (Davis, 2000) . We therefore examined whether inhibition of JNK affects low dose UV-induced apoptosis in XPA cells. For this purpose, we ectopically expressed either wildtype MKP-1, which can dephosphorylate both JNK, p38, and ERK, or an MKP-1 mutant that only efficiently binds to JNK (m(JNK)MKP-1) (Slack et al., 2001) . As shown in Figure 6a , we found the JNKrestricted MKP-1 mutant to be more efficient in inhibiting UV-induced JNK activation than wild-type MKP-1, whereas the (weak) activation of p38 and ERK by UV was not significantly inhibited by either of the two MKP-1 constructs. Moreover, the JNK-specific MKP-1 mutant did not have any effect on the proliferation of nonirradiated XPA cells, while, as reported previously (Li et al., 1999; Engelbrecht et al., 2003) , wild-type MKP-1 slightly reduced the proliferation of these cells, also after low dose UV irradiation (data not shown). Importantly, the JNK-restricted m(JNK)MKP-1 efficiently inhibited the induction of apoptosis by 1 J/m 2 UV in the XPA cells (Figure 6b ), showing that JNK is an essential component of the DNA-damage-induced apoptotic program in these cells. In line with this, expression of the catalytically inactive dominant-negative MKP-1 mutant C/SmMKP1 not only induced JNK activity but also further enhanced the apoptotic response of XPA cells to low doses of UV.
In conclusion, our results demonstrate that upon DNA damage in transcribed genes down-regulation of MKP-1 causes activation of the JNK pathway, which subsequently plays an important functional role in DNA-damage-induced apoptosis.
Discussion
DNA repair and DNA-damage-induced signaling play key protective roles in cancer development and cancer therapy (Mitchell et al., 2003) . The NER system, a repair pathway for DNA-helix distorting lesions like UV-induced photolesions exhibits a critical function in both processes, as deficiencies in NER lead to enhancement of DNA-damage-induced mutagenesis and cell killing. Several studies indicate that the two NER subpathways, GGR and TCR, differentially control mutagenesis and programmed cell death, because TCR-deficient cells are much more sensitive to UV-induced apoptosis and certain chemotherapeutic drugs than TCR-proficient XP cells (McKay et al., 1998 (McKay et al., , 2001 Jaspers et al., 2002; Spivak et al., 2002) . In this study, we identified the JNK pathway as one of the critical sensors and downstream effectors of persistent DNA damage in transcribed genes. We showed that low doses of UV light activate JNK, c-Jun, and ATF-3 in TCR-deficient human fibroblasts (XPA, XPD, CSA, and CSB), but not in TCR-proficient cells (XPE and XPC). Moreover, inhibition of JNK activity was found to strongly reduce low dose UV-induced apoptosis in XPA cells.
Previous studies showed that JNK signaling can regulate apoptosis both positively and negatively, depending on the cell type, cellular context, and the nature and dose of treatment (Davis, 2000; Chang and Karin, 2001 ). Strong and sustained JNK activation is predominantly associated with induction or enhancement of apoptosis, whereas transient JNK activation can result in cell survival (Chang and Karin, 2001; Lamb et al., 2003) . In line with the presumed proapoptotic function of sustained JNK activation, we found the low dose UV-induced apoptotic response in XPA fibroblasts to be preceded by delayed and long-lasting JNK activation. Moreover, this sustained JNK activation was accompanied by prolonged phosphorylation and activation of the endogenous JNK substrate c-Jun, a component of transcription factor AP-1 that can act as a proapoptotic effector of JNK (Bossy-Wetzel et al., 1997; Behrens et al., 1999) .
The delayed phosphorylation and activation of JNK in XPA and other TCR-defient cells is accompanied by inhibition of the JNK-phosphatase MKP-1 (this manuscript, our unpublished observations). Various studies indicate that MKP-1 mainly exhibits antiapoptotic activity. For instance, conditional over expression of MKP-1 can repress the rapid activation of JNK and p38 in response to high doses of UV and subsequently impede apoptosis (Franklin et al., 1998) . Moreover, the nonapoptotic DNA-damaging agent trans-platin induces MKP-1 expression and activates JNK only transiently, while its apoptotic isomer cis-platin which cannot activate MKP-1 induces more sustained JNK activation (Sanchez-Perez et al., 1998, 2000) .
Importantly, MKP-1 inhibition and/or prolonged JNK activation does not appear to be sufficient to induce apoptosis in TCR-deficient fibroblasts, as we found JNK activation by ectopic expression of dominant-negative MKP-1 to enhance low dose UVinduced apoptosis, but not to induce high levels of cell death by itself (Figure 6 ). Moreover, inhibition of JNK via over expression of JNK-specific MKP-1 did not completely inhibit low dose UV-induced apoptosis in the XPA fibroblasts. This indicates that persistent UV-induced DNA damage also causes activation of other proapoptotic pathways and/or inhibition of prosurvival factors (see model in Figure 7 ). Such proapoptotic factors may be for instance death and cytokine receptor family members like CD95/Fas (Herrlich et al., 1999; Martindale and Holbrook, 2002) . Although low doses of UV are unlikely to activate cytokine or death receptors in a direct manner, in contrast to high doses of UV (Sachsenmaier et al., 1994; Rosette and Karin, 1996) , these receptors might be activated in an autocrine fashion, since XPA cells secrete cytokines upon treatment with low doses of UV (Herrlich et al., 1999) . The accumulation of proliferating XPA cells in S phase after 1 J/m 2 UV (Figure 6b ) suggests that replication fork stalling might contribute to UV-induced apoptosis in TCR-deficient cells. However, at higher doses of UV (3-5 J/m 2 ), these XPA cells mainly arrest in G1, whereas the levels of apoptosis are further enhanced (Figure 3a , our unpublished observations). Moreover, low doses of UV also induce apoptosis in serum-starved G1-arrested primary XPA and CSB fibroblasts (our unpublished observations), indicating that replication fork stalling is not essential for cell death. p53 does not seem to contribute strongly to the induction of apoptosis by low dose UV in TCR-deficient fibroblasts (McKay et al., 2001) . In agreement with this finding, we found low dose UV-induced JNK-dependent apoptosis also to occur in XPA cells that have been Figure 6 Ectopic expression of MKP-1 in XPA cells inhibits apoptosis by low dose UV. XPA cells were transduced with lentiviruses containing wild-type MKP-1, the JNK-restricted mutant m(JNK)MKP-1, the catalytically inactive dominant-negative mutant C/ SmMKP-1, or an empty control virus. Transduction efficiency was 95-100% as verified by FACS determination. Next, the three cultures were irradiated with 1 J/m 2 UV-C or mock-treated (0), and harvested after 16 h for immunoblot analysis (a) or after 24 h for FACS analysis (b). The percentage of apoptotic (sub-G1) cells is indicated in the graphs. Please note that for the control cells in the Western blot (a), the endogenous MKP-1 is not visible because a relatively short exposure is shown immortalized by SV40T, a protein that functionally inactivates p53.
To our knowledge this is the first study that provides a functional link between DNA damage in transcribed genes, JNK activation, and JNK-dependent apoptosis. In fact, so far the studies addressing the role of DNA damage in the activation by JNK by genotoxic stress have provided ambiguous data. However, the delayed activation of JNK by low doses of UV in TCR-deficient fibroblasts shown in this study is clearly due to the prolonged presence of unrepaired DNA in transcribed genes: (1) it does not occur in cells with normal DNA repair capacity or in GGR-deficient, TCR-proficient XPC and XPE cells; (2) it is not observed upon activation of a functional DNA repair enzym (CPDphotolyase) in XPA cells. Interestingly, we found the mechanism by which persistent DNA damage triggers delayed activation of the JNK pathway to be different from the mechanism by which osmotic stress or high doses of UV trigger rapid JNK activation. The latter stimuli rapidly activate the JNK kinases MKK4 and MKK7, which phosphorylate and activate JNK activity within 15 min (this manuscript, our unpublished observations). Moreover, high doses of UV rapidly induce the expression of MKP-1, which subsequently suppresses the UV-induced JNK activity between 60 and 120 min after irradiation (Liu et al., 1995; our unpublished observations) . In contrast, low dose UV does not significantly activate MKK4 and MKK7, and can cause enhanced JNK activity via inhibition of mkp-1 mRNA expression. It should be noted here that inhibition of MKP-1 might not be sufficient to cause JNK activation in TCR-deficient cells and that also other JNK phosphatases might be downregulated by persistent DNA damage. Although we found dominant-negative MKP-1 to activate JNK in the absence of another stimulus, this catalytically inactive mutant has an intact JNK-binding domain (Alessi et al., 1993) and therefore could also block dephosphorylation of JNK by other phosphatases.
It remains to be established how persistent DNA damage suppresses mkp-1 mRNA levels. MKP-1 suppression is unlikely to be the result of JNK activation, as pharmacological inhibition of JNK with SP600125 did not inhibit the repression of MKP1 by low dose UV (our unpublished observations). Interestingly, in TCR-deficient cells, UV-induced DNA damage has been found to cause sustained inhibition of transcription, in particular of genes with large transcription units (McKay et al., 1998 ). This appears to be due to the inability of the elongating RNApol II complex to bypass UV-induced lesions on the DNA template, which subsequently leads to partial, UV dose-dependent depletion of the initiating form of RNApol II (Rockx et al., 2000; Svejstrup, 2002) . Since the mkp-1 gene is not very large (3.1 kb), in contrast to atf-3 (15 kb), inhibition of MKP-1 expression by low doses of UV may be due to reduced transcription initiation rather than by reduced transcription elongation.
The role of the MAPK family members p38 and ERK in DNA-damage-induced apoptosis in TCR-deficient cells remains still unclear. Preliminary experiments using the p38 inhibitor SB203580 indicate that p38 does not play a significant role in the induction of apoptosis. Inhibition of ERK activation via the inhibitor U0126 also does not seem to affect UV-induced apoptosis in the human XPA fibroblasts (M Hamdi and H van Dam, unpublished results) , suggesting that ERK might play an auxiliary role. Finally, it remains to be established whether JNK-dependent apoptosis in XPA cells involves its transcription factor substrates c-Jun and ATF-2, and/or its target genes atf-3 and c-fos. Interestingly, induction of ATF-3 can accelerate apoptosis in certain cell types (Mashima et al., 2001) , whereas c-Fos is antiapoptotic in UV-treated mouse embryo fibroblasts (Schreiber et al., 1995; Blattner et al., 2000) .
In summary, our results provide a novel link between DNA damage hypersensitivity, and the MKP-1-JNK pathway and suggest that MKP-1 might be an interesting target for therapeutic intervention in combination with DNA-damaging agents.
Materials and methods

Cells and cell culture
The primary and SV40T-immortalized human foreskin fibroblasts used in this study have been described (Abrahams et al., 1988 (Abrahams et al., , 1992 (Abrahams et al., , 1998 For UV-C irradiation, a 30 W germicidal lamp (TUV; Philips Electronic Instruments Inc., Eindhoven, The Netherlands) was used. Prior to UV treatment, culture medium was collected, dishes were washed once with PBS (10 mM Na 2 H-PO 4 /0.14 mM NaCl, pH 7.4), and the PBS was removed before irradiation at room temperature. After irradiation, cells were refed with the collected medium. For photoreactivation, cells were irradiated for 1 h with a 30 W 450 nm emitting light tube (Philips Electronic Instruments, Inc.) at RT, while mocktreated cells were kept in dark at RT for the same period.
FACS analysis
For quantitation of sub-G1 apoptotic cells, adhering and floating cells were collected via trypsinization and centrifugation. After resuspending in PBS, cells were fixed in 70% ethanol, washed in PBS, stained with 7.5 mM propidiumiodide (PI) containing 50 mg/ml RNAse A, and analysed by flow cytometry (FACS-Calibur, Becton Dickenson). FACS results were analysed with WinMDI 2.8 software.
Western analysis and antibodies
For preparation of protein extracts, cells were washed once with ice-cold PBS and subsequently lysed on ice in ice-cold buffer containing 10 mM Tris pH 7.5, 150 mM NaCl, 1% NP40, 1% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS) containing protease and phosphatase inhibitors (van Dam et al., 1993) . Lysates were cleared by centrifugation. Routinely either 20 or 30 mg of protein were loaded on SDS-PAGE gels. Antibodies used are c-Jun-H79, ATF3-C19, and MKP-1-M18 from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA), ERK-Thr202/Tyr204, SEK/MKK-4-Thr223, and PhosphoPlus s p38 MAP kinase (Thr180/ Tyr182) from Cell Signalling Technology, Inc. (Beverly, MA, USA), Anti-ACTIVE s JNK pAb pTPpY from Promega Corporation, and tubulin from Sigma. The monoclonal antibody against threonine 91-phosphorylated c-Jun was kindly provided by Dr A Behrens, Cancer UK, London (Nateri et al., 2004) .
RNA isolation and Northern analysis
RNA was isolated with the SV Total RNA isolation system (Promega) followed by an additional acid phenol extraction. Northern analysis including the c-jun, atf-3, and hef-1 probes has been described previously (van Dam et al., 1989 (van Dam et al., , 1990 Kool et al., 2003) . As mkp-1 probe, the EcoRI insert of p3CH134 containing the mouse mkp-1 cDNA (Lau and Nathans, 1985) was used.
MKP-1 constructs and lentivirus transduction
cDNAs of MKP-1, C/SmMKP1, and m(JNK)MKP-1 (Keyse and Emslie, 1992; Alessi et al., 1993; Slack et al., 2001 ) were a kind gift of Dr S Keyse (Dundee, Scotland, UK) and recloned into the lentiviral vector pRRL-cPPT-CMV-IRES-GFP-PRE-SIN (also named pLV-CMV-IRES-GFP; Carlotti et al., 2004) . The viruses were produced as described previously . Briefly, the lentiviral cDNA construct was cotransfected overnight with three helper plasmids encoding HIV1 gag/pol, HIV1 rev, and VSV-G envelope into 293T cells. The medium was refreshed and viruses were harvested after 48 and 72 h, passed through 0.45 mm filters and stored at À801C. Virus was quantitated by antigen capture ELISA measuring HIV p24 levels (ZeptoMetrix Corporation, New York, USA). For transduction, viral supernatants were overnight added to subconfluent cell cultures in fresh medium supplemented with 8 mg/ml polybrene (Sigma). The next day, the medium was replaced. Transduction efficiency was 95-100% as verified by FACS analysis (IRES-GFP).
